To quantify the association between systemic levels of the chemokine regulated on activation normal T-cell expressed and secreted (RANTES/CCL5), interferon-␥-inducible protein-10 (IP-10/CXCL10), monocyte chemoattractant protein-1 (MCP-1/CCL2), and eotaxin-1 (CCL11) with future coronary heart disease (CHD) and ischemic stroke events and to assess their usefulness for CHD and ischemic stroke risk prediction in the PRIME Study.
our knowledge, none of these previous studies have examined the association between systemic chemokines and the risk of ischemic stroke.
We therefore examined the association between systemic levels of the chemokines regulated on activation normal T-cell expressed and secreted (RANTES/CCL5), interferon-␥-inducible protein-10 (IP-10/ CXCL10), MCP-1 (CCL2), and eotaxin-1 (CCL11), and future CHD and ischemic stroke events in middle-aged European male participants of the PRIME Study (étude Prospective sur l'Infarctus du Myocarde).
METHODS Study population. Overall, 10,602 men aged 50 to 59 years were recruited between 1991 and 1993 by 4 collaborating WHO MONICA centers in Belfast (Northern Ireland), Lille, Strasbourg, and Toulouse (France). 18 Among these, 823 subjects with coronary disease, 77 with a history of stroke at baseline examination, were excluded from the present analysis, leaving a study population of 9,711 men.
Baseline examination. General characteristics. Briefly, a self-administered health questionnaire was completed by subjects in their homes and was subsequently checked by trained interviewers at the clinic. It covered a broad range of clinical information, smoking habits, and use of medication. Diabetes was defined by current oral hypoglycemic treatment or use of insulin. Blood pressure was measured in the sitting position using identical automatic devices (Spengler SP9, Spengler, Cachan, France). Hypertension was defined as a blood pressure higher than 140/90 mm Hg or the use of antihypertensive medication. A 12-lead EKG was also recorded. 18 Biological measurements. Blood was drawn after overnight fasting. A subset of biological measurements was carried out using fresh plasma for the entire cohort. Plasma lipid analyses were centralized (SERLIA INSERM U325, The Lille Pasteur Institute, France). Total cholesterol and high-density lipoprotein cholesterol (HDL cholesterol) were measured by enzymatic methods using commercial kits in an automated analyzer (Boehringer, Mannheim, Germany). Fibrinogen was assessed by the Laboratory of Hemostasis at La Timone Hospital in Marseilles, France, using commercially available ELISA kits from Diagnostica Stago (Asnières-sur-Seine, France). Aliquots of serum and plasma were also frozen in liquid nitrogen for the analysis of biomarkers in nested case-control studies (see below).
Follow-up and verification of cases. During the 10-year
follow-up period, subjects were contacted annually by letter and asked to complete a clinical event questionnaire. For all subjects reporting a possible event, clinical information was sought directly from hospital or general practitioner records. All details concerning electrocardiograms, hospital admissions, enzyme levels, surgical intervention, angioplasty, and medical treatment were collected. Where applicable, the circumstances of death were obtained from the practitioner or the patient's family. In the few cases where these were not available from the practitioner or the family, death certificates were checked for supporting clinical or postmortem information on the cause of death.
CHD and ischemic stroke events were adjudicated by 2 independent medical committees. CHD events (stable and unstable angina, myocardial infarction, and coronary death) were defined as previously described using clinical, biological, stress test, scintigraphic, or angiographic criteria. 18 Stroke was defined as previously reported 19 according to WHO MONICA criteria as an acute focal cerebral function deficit including acute hemiparesis or hemiplegia, hemianopia, diplopia, dysarthria or aphasia, ataxia, acute loss of balance or coordination or an acute global cerebral function deficit including coma or the 4 limbs and cranial nerve palsy, of a vascular origin and persisting for more than 24 hours (except if the symptoms were interrupted by a surgical intervention or death). It included 1) ischemic stroke due to occlusion of small arteries, so-called lacunar infarct, occlusion of large arteries, i.e., atherothrombotic stroke, and stroke due to cardiac embolism; 2) intracerebral hemorrhage; and 3) subarachnoid hemorrhage. Transient or permanent cerebral focal deficit caused by a blood disease, a cerebral tumor or metastasis, or secondary to a trauma, were not considered by the stroke medical committee. Clinical information, computerized tomodensitometry scans (compatible signs), and angiographic and autopsy data were used to distinguish between ischemic and hemorrhagic stroke events. After 10 years of follow-up, the CHD and ischemic stroke event status was available for 95.1% of the cohort.
Standard protocol approvals, registrations, and patient consents. The protocol was approved by the institutional review board of Broussais Hospital, Paris, France. Written informed consent was obtained for each subject who agreed to participate in the PRIME Study.
Nested case-control studies. At the end of the 10 years of follow-up, 635 men developed a first coronary event and 98 a first ischemic stroke but baseline plasma samples were available, respectively, for 621 and 95 men (cases). Moreover, 1,242 and 190 matched controls (2 controls per case), respectively, were randomly selected from the initial cohort, and used for analysis (nested case-control study design). Matched controls were study participants recruited by the same center on the same day (Ϯ3 days), and of the same age (Ϯ3 years) as the corresponding case, and who were free from CHD and ischemic stroke at the time of the index date (CHD or ischemic stroke event). 20 Measurements of biomarkers were performed blind with respect to the case-control status. Circulating levels of high sensitivity C-reactive protein (hs-CRP), RANTES, IP-10, MCP-1, and eotaxin-1 were determined by a multiplex bioassay using commercially available kits. Commercial kits for hs-CRP, IP-10, and eotaxin-1 were obtained from R&D Systems (Minneapolis, MN) and for MCP-1 and RANTES from Bio-Rad (Hercules, CA). Each multiplex assay was performed according to the manufacturer's specifications. The plates were read on a Luminex ® 200™ instrument system.
Statistical analysis. The baseline characteristics of cases and
matched controls were compared using conditional logistic regression. In the CHD control group, correlation coefficients were estimated by the Spearman rank test, while the median values of the chemokines were compared according to risk factor categories using the Wilcoxon-Mann-Whitney or Kruskal-Wallis tests. Hazard ratios (HR) and 95% confidence intervals (CIs) of each chemokine were estimated for CHD and for ischemic stroke using separate conditional logistic regression analyses, and were given for 1 SD of the log-transformed chemokine levels calculated for each control group. Analysis was adjusted for smoking status, hypertension, diabetes, body mass index, HDL and total cholesterol, triglycerides, and thereafter for hs-CRP and fibrinogen. Calibration of our final model was estimated by the Hosmer Lemeshow statistics in which a p value greater than 0.20 indicates adequate fit. Discrimination of our model was assessed by the C-statistic which was calculated from uncondi-tional logistic regression adjusted for matched variables and the C-statistic of the model with and without chemokines was compared using a nonparametric test developed by Delong et al. 21 appropriate for nonindependent data. Discrimination was also quantified by calculating the Net Reclassification Improvement index (NRI). 22 To correct for the overestimation of the individual risk estimation due to the case-control design of the study, a correction on the intercept was made as proposed by Janes et al. 23 Thereafter the tertiles of these corrected individual probabilities were used to define risk categories. Due to their skewed distribution, chemokines, triglycerides, hs-CRP, and fibrinogen were log-transformed for statistical analyses. All comparisons were 2-sided and a p value of less than 0.05 indicated a statistically significant difference. Analyses were performed using STATA™ software version 9.1 (Stata-Corp, College Station, TX).
RESULTS
Of the 9,771 men who had no past history of stroke and CHD at baseline and after 10 years of follow-up, 635 had a first CHD event (408 in France and 227 in Northern Ireland) and 122 a first stroke including 98 of ischemic origin (64 in France and 34 in Northern Ireland) yielding incidence rates of 7.02 per 1,000 person-years for CHD and of 1.08 per 1,000 person-years for ischemic stroke events.
Baseline clinical characteristics. As shown in table 1, CHD cases had significantly higher levels of traditional cardiovascular risk factors (but a lower level of HDL cholesterol) as well as of hs-CRP, fibrinogen, RANTES, and eotaxin-1, and used more statins, ␤-blockers, and ACE inhibitors compared to controls. Ischemic stroke cases were more likely to be diabetic, hypertensive, and current smokers, and had higher triglyceride, hs-CRP, fibrinogen, RANTES, IP-10, and eotaxin-1 levels compared to controls.
Correlates of chemokines in CHD controls. As shown in table 2, chemokines were modestly correlated with traditional cardiovascular risk factors, hs-CRP and fibrinogen, with significant correlation coefficients ranging from Ϫ0.07 to ϩ0.21. Correlations between chemokines ranged from Ϫ0.20 to ϩ0.49. The circulating level of IP-10 decreased with current smoking status but increased with hypertension. The level of eotaxin-1 increased with current smoking status. The median levels of the chemokines did not differ according to statin or aspirin use. When RANTES, IP-10, and eotaxin-1 were considered in the same model adjusted for cardiovascular risk factors, medications, hs-CRP and fibrinogen, RANTES (HR ϭ 1.83; 95% CI 1.21-2.75; p ϭ 0.004), and IP-10 (HR ϭ 1.95; 95% CI 1.33-2.87; p ϭ 0.001) but not eotaxin-1 (HR ϭ 1.14; 95% CI 0.76 -1.71; p ϭ 0.54) remained associated with ischemic stroke (backward analysis). In the same model, hypertension (HR ϭ 2.57; 95% CI 1.42-4.65; p ϭ 0.002) and current smoking status (HR ϭ 3.32; 95% CI 1.62-6.80; p ϭ 0.001) were the remaining independent predictors. In sensitivity analysis, the exclusion of ischemic stroke of cardioembolic origin (n ϭ 27) yielded standardized unadjusted HRs for RANTES and IP-10 of 1.61 (0.94 -2.77, p ϭ 0.08) and 1.37 (0.90 -2.07, p ϭ 0.14) respectively. Fatal ischemic strokes were too few (n ϭ 7) to assess reliably their association with chemokines.
Contribution of systemic RANTES and IP-10 levels to
ischemic stroke risk prediction. The goodness of fit of the final prediction model that included hypertension and smoking status in addition to age and study center was adequate ( p value of the Hosmer Lemeshow statistic ϭ 0.31). As shown in table 3, the C-statistic of the traditional risk factors-based model was improved by the addition of IP-10 (borderline significant) or RANTES (statistically significant) and improvement was even higher when both chemokines were added simultaneously. As shown in table 4, the addition of both chemokines reclassified 13.7% of the men. DISCUSSION Incidence rate of first IS in the French and the Northern Irish component of the PRIME Study was consistent with that published in the French Dijon stroke registry and in the OXVASC study in the United Kingdom. 24, 25 The higher incidence rate of IS in Northern Irish than in French men in PRIME is also consistent with the north to south gradient of IS in Europe. The age range of 50 to 59 years may also explain the apparent disproportional ratio between CHD and ischemic stroke rates in PRIME. 26, 27 In asymptomatic subjects, evidence for an association between systemic chemokines and subclinical atherosclerosis or future CHD events is lacking. In 3 cross-sectional studies, the association between MCP-1 and subclinical atherosclerosis was not independent of traditional cardiovascular risk factors, especially age. 28 -30 In prospective analyses, no firm conclusion was drawn from the ARIC study regarding the association of MCP1 with CHD. 15 In the EPIC-Norfolk study, higher IL-8 was independently associated with CHD over 6 years. 16 The MONICA/ KORA Augsburg Study is the only population-based study to evaluate the association of several chemokines with future CHD events. 14 In this study, which included 2,358 healthy participants who developed 381 first CHD events over 11 years, elevated MCP-1, IL-8, and IP-10 levels at baseline were associated with a higher risk of CHD in univariate analysis but not after adjustment for traditional cardiovascular risk factors.
In the PRIME Study, with twice the number of CHD events as compared to the MONICA/KORA Augsburg Study, 14 we not only confirm the lack of an independent association between MCP-1 and IP-10 and the risk of CHD, but we also extend these results by showing that neither RANTES nor eotaxin-1 are independent predictors of future CHD. Taken together, data from the current and previous studies suggest that systemic chemokines may not be useful for the estimation of CHD risk in asymptomatic subjects.
In the current study, 3 of the 4 chemokines tested were strong and independent predictors of future ischemic stroke, arguing against the possibility that these results were due solely to chance. Moreover, that RANTES and IP-10 remained predictive of stroke when included in the same model suggests that they were involved through different but potentially complementary mechanistic pathways, a view supported by their negative statistical correlation.
The apparently selective association of systemic chemokines with ischemic stroke as opposed to CHD requires confirmation. From a mechanistic point of view, the absence of an independent association between chemokines involved in monocyte/ macrophage trafficking (MCP-1 or IL-8) and incident symptomatic CHD or stroke is, a posteriori, not completely unexpected. Besides its role in the promotion of inflammatory atherosclerotic lesion growth, monocyte/macrophage recruitment into the ischemic brain or myocardium is also required to ensure adaptive collateral vessel growth, neovascularization, and tissue repair, 31,32 all of which might significantly limit disease severity and reduce the occurrence/incidence of sustained symptomatic disease. In addition, resident microglia greatly contributes to the response of the brain to injury, 33 possibly substituting for and substantially limiting the need for monocyte recruitment. In fact, this might also explain why T-cell recruitment and activation in the injured brain parenchyma could be the critical step in the progression and severity of brain injury, 34, 35 and why T cell-directed chemokines such as RANTES and IP-10 are particularly important in stroke prediction. Circulating T cells have been shown to closely interact with meningeal vascular structures, crawling along and monitoring the luminal vascular surface, and crossing the vessel wall in response to brain injury. 36 They then interact with resident perivascular and brain phagocytes for sustained activation. 35, 36 Consistent with this, several recent experimental studies have highlighted the critical role of T cells in the progression of brain injury in response to ischemia. 34, 35 It is worth noting that RANTES/CCR5 signaling and IP-10 are known promoters of T-cell recruitment and activation. 37, 38 In addition, RANTES/ CCR5 restrains IL-10 production 37 while IP-10 inhibits regulatory T-cell recruitment, 38 2 pathways recently shown to play critical roles in the control of the inflammatory response to brain injury and in brain protection after an ischemic insult. 34, 35 All these putative mechanisms arise from experimental models in which chemokine levels were elevated at the time or after brain injury. Whether the same mechanisms already operate but at much lower degrees several years prior to the events should be assessed. The residual confounding effect of a silent carotid artery stenosis or a silent cerebral injury might also explain that subjects who would have an ischemic stroke had higher levels of IP-10 and RANTES several years prior to the event in the present study.
Our results may have important clinical implications, as we show that the consideration of RANTES and IP-10 may improve the ability of a model to discriminate between those men who are likely to develop a first ischemic stroke from those who are not. Moreover, recent experimental evidence suggests that the combined inhibition of CCL2, CX3CR1, and CCR5, 5 the inhibition of the functional interaction of RANTES with CXCL4, 39 or the use of a RANTES antagonist 40 reduces the progression of atherosclerosis in mice models, suggesting that chemokines may represent novel therapeutic targets for atherosclerotic disorders in the near future. It should be remembered, however, that at present, assays for systemic chemokines lack standardization. In addition, chemokine levels have short half-life and their stability over time (intraindividual variation) is not known yet. Whether repeated assessments over time would yield more precise estimates of their predictive power for vascular risk should be assessed in the future.
Analyses by ischemic stroke phenotype could not be conducted given the reduced numbers of stroke events.
The incremental value of IP-10 and RANTES for ischemic stroke risk prediction should be evaluated in an independent dataset. Statin therapy could impact systemic chemokine levels but such therapy was used sparingly when the PRIME Study began in the early 1990s. This study needs to be confirmed in other ethnicities, in women, and in the elderly. 
